ABSTRACT To better understand the phylogeography of Rhagoletis ßies in the cingulata species group, we conducted a seven year host plant survey in Mé xico, behavioral observations, and studies on the basic biology of these tephritids. The survey revealed the existence of two geographically isolated Rhagoletis cingulata (Loew) populations in Mé xico. The Þrst population was found to be restricted to Prunus serotina ssp. capuli (Cav.) McVaugh in an area within the central dry Altiplano spanning from Tlaxcala to Mé xico City and neighboring parts of the States of Mé xico, Puebla, and Hidalgo. The second population was found to infest Prunus serotina ssp. virens (Wooton & Standl.) McVaugh in high elevation areas of northeastern Mé xico between San Luis Potosṍ and Coahuila along the Sierra Madre Oriental. Both populations were hosts to the parasitoid Diachasmimorpha mellea (Gahan) (Hymenoptera: Braconidae), with percentage parasitism varying across sites. Collections of P. s. ssp. capuli and Prunus serotina Ehrh. ssp. serotina across the Eje Volcanico Trans Mexicano, the Sierra Madre del Sur, the Sierra de los Altos de Chiapas and mesic areas of the Sierra Madre Oriental between Veracruz and Queretaro failed to yield any pupae. Sites where pupae were recovered were signiÞcantly dryer than sites where R. cingulata was not found. Recovered ßies were found to be univoltine and to overwinter as pupae. Adults in the Þeld in Tlaxcala (Central Altiplano) were mainly sighted guarding, mating, and ovipositing in green fruit. Larval yield of fruit collected outside the natural area of distribution, and exposed to ßies in the laboratory, was signiÞcantly lower than that of fruit collected within the natural range of R. cingulata. We compare distribution patterns with those of other species in the genus and discuss hypotheses to explain the outcome.
High elevation areas in Mé xico exhibit a wide array of ßora and fauna of Nearctic origin (Halffter 1987 , Morrone 2006 . Many of those areas served as refuges during glaciations. During postglacial times, Nearctic fauna and ßora reexpanded their range, and mountainous systems in Mé xico became isolated from each other by lower elevation areas with warm climate (Halffter 1987, Smith and Farell 2005) . The mountainous nature of most of the Mexican territory is subject to strong orographic variation, which generates a diversity of climatic regions. Both history and environment have led to plant divergence. Several of the most apparent cases of ecological speciation are provided by the existence of genetically distinct host forms of phytophagous insects (Stireman et al. 2006) . Studying distribution and divergence of Nearctic taxa of phytophagous insects in Mé xico may therefore provide an excellent opportunity to better understand the importance of natural selection in driving genetic divergence and speciation.
A recent example of a complex series of events and conditions leading to divergence within taxa of Nearctic origin in Mé xico is represented by the well-studied apple maggot, Rhagoletis pomonella (Walsh). The apple maggot is distributed from southeastern Canada to Chiapas (Bush 1966 , Berlocher and Dixon 2004 , Rull et al. 2006 . Within its geographical range, the apple maggot functions as a frugivorous parasite of hawthorns Crataegus spp., a genus of plants of neartic penetration into Mé xico that diverged producing 13 endemic species (Phipps 1997) .
Within North America, the apple maggot has diverged into four genetically and ecologically distinct populations (Xie et al. 2007 ), three of which exist in Mé xico. Among these four populations some degree of reproductive isolation has been found (Rull et al. 2010) . The Þrst Mexican population of hawthorn (Crataegus spp.)-infesting ßies inhabits the Eje Volcánico Trans Mexicano (EVTM), where it became isolated from a more northern-distributed population Ϸ 1.57 Mya. Subsequent periods of contact and secondary introgression infused the northern ßy populations with an inversion polymorphism that can be traced through inversion clines (Feder et al. 2003) . Hawthorn ßies in the Sierra Madre Oriental (SMO) of Mé xico are related to, but still different from, U.S. and EVTM ßies. In addition, ßy populations in the Sierra de los Altos de Chiapas (SACH) are also genetically distinct. The host afÞliations, diapause characteristics, and phylogeography of the SMO population are consistent with it serving as a conduit for gene ßow between Mé xico and the United States (Feder et al. 2005) . Divergence in Mé xico is partly host driven, because hawthorn species in the EVTM and SACH exhibit a late fruiting phenology vis-à-vis hawthorns in the SMO (Rull et al. 2006 , Xie et al. 2007 .
Like hawthorns, black cherries, Prunus serotina Ehrh., grow from Nova Scotia in southeastern Canada to Guatemala in Central America and have diverged into several subspecies and varieties within their range (McVaugh 1951) . Black cherries from northern Mé xico to Guatemala comprise three subspecies known as capulṍn black cherry: Prunus serotina ssp. capuli, Prunus serotina ssp. serotina, and Prunus serotina ssp. virens (Rzedowski 2005) .
The cherry fruit ßy Rhagoletis cingulata (Loew), infests plants in the genus Prunus (Glasgow 1933 , Foote et al. 1993 and is distributed from southeastern Canada to Florida and Texas covering much of the range of P. serotina, its native host in the United States (Bush 1966) . Despite that P. serotina can be found as far south as Central America, Bush (1966) failed to detect R. cingulata in black cherries collected in Mé xico. Nevertheless, Padilla (1964) , Foote (1981) , and Hernandez-Ortiz (1999) reported R. cingulata infesting capulṍn P. s. ssp. capuli in Texcoco (state of Mé xico), Mé xico City, and Puebla in central Mé xico.
North American populations of R. cingulata are, like other members of the genus, oligophagous, univoltine, and exhibit a resource defense mating system (Bush 1966 , Smith 1984 . Certain aspects of its biology have been described on account of its pest status for commercial cherries (Boller and Prokopy 1976) . R. cingulata in North America harbors a guild of four parasitoid species: Coptera cingulatae (Muesebeck) , Coptera occidentalis (Muesebeck) , Diachasma ferrugineum (Gahan), and Diachasmimorpha mellea (Gahan) Marsh 1978, Muesebeck 1980) . There is very little published information on the biology of these ßies in Mé xico (Padilla 1964) .
Here, we report results of a seven year effort to describe the distribution and basic biology for Mexican populations of R. cingulata. Our goal was to provide information to understand the phylogeography of this species group with aims at comparing and contrasting divergence patterns in Mé xico documented for the apple maggot. Our prediction was that the distribution of ßies in the cingulata species group in Mé xico would overlap with the documented distribution of ßies in the pomonella species group and that general behavioral patterns and basic biology would correspond to those described for ßies in the genus Rhagoletis.
Materials and Methods
Distribution. Ripe P. serotina black-cherries were picked under the canopy of trees (some fruit was collected from the tree) from late May to September at 52 collection sites (Table 1) . Fruit collections were made over a 7-yr period. Overall, 15 states in Mé xico were sampled. Coordinates and elevation of collection sites were established using a GPS 40 (Garmin, Lenexa, KS). Mean temperature and precipitation data for sites were obtained from the Atlas Nacional del Medio Fṍsico (INEGI 1988) . Fruit were transported back to the laboratory at the Instituto de Ecologṍa, A.C. in Xalapa, Veracruz, and pupae were recovered from fruit following the methods of Aluja et al. (2000) . Pupae were collected weekly and placed in small (200-ml) plastic containers with moist vermiculite and kept in a room without temperature control at Xalapa ambient conditions until emergence. Pupae were checked periodically until emergence of Þrst adult ßies or parasitoids and thereafter daily to keep eclosion records.
Precipitation and Distribution. Mean annual precipitation and SD were calculated for sites where adult R. cingulata emerged and failed to emerge and compared by means of a nonparametric MannÐWhitney U test.
Parasitism. Emergence of adult parasitoids was recorded along with adult ßy emergence. Emerged parasitoids were kept for 2 d in cages with free access to water and food to allow for full wing pigmentation and were identiÞed. Percentage of parasitism was calculated by dividing the number of emerged parasitoids by the sum of emerged parasitoids and emerged ßies.
Behavior. To verify whether Mexican populations of R. cingulata adjust to behavioral patterns reported for the same species in the United States, on 26 July 2006, in the course of a single day, eight observers recorded behavior of male and female R. cingulata on the canopy of four P. s. ssp. capuli trees, 5 km away from the locality of Huamantla in the state of Tlaxcala. The area was composed of cultivated small 0.5Ð2-ha agricultural Þelds planted with corn (Zea mays L.), beans (Phaseolis spp.), or left fallow and bordered by agaves (Agave spp.), junipers (Juniperus spp.), and P. serotina trees. Observers in pairs, climbing on trees and ladders, aided with binoculars, recorded ßy behavior from 0800 to 1400 hours by doing censuses around the canopy of trees every 15 min. Activity of ßies (e.g., feeding, guarding, oviposition attempts, host marking, and mating), sex of ßies, hour of the day, and when pertinent, fruit color were recorded during this period. All trees were heavily loaded with large quantities of fruit at different stages of maturity. Because we did not estimate percentage of fruit at each stage, although females had ample opportunity to choose from green, blushed, red, and fully ripe black fruit in all areas of the tree canopy, preference for a particular ripening stage could not be statistically tested.
Larval Developmental Assays. To determine whether P. serotina fruit from ßy-free areas is suitable for larval development, clusters of from a ßy-inhabiting and a ßy-free area were protected with 1-m by 30-cm mosquito mesh bags before fruit maturation in April to prevent natural infestation to occur Clusters were bagged in the locality of Tetla, Tlaxcala, within March 2011 RULL ET AL.: BLACK CHERRY-INFESTING Rhagoletisthe dry Altiplano, where heavy infestations are known to occur, and in the cloud forest region of Las Vigas, Veracruz, where repeated sampling over the years has failed to yield any R. cingulata. In July, when the Þrst adults of R. cingulata were sighted on trees in Tlaxcala, bagged branches were taken to the laboratory in Xalapa and placed with the cut end in a bucket with water. Clusters of Ϸ10 black cherries were cut from branches, taped together, and labeled with the date and locality of origin and exposed to 10 sexually mature R. cingulata females (stemming from naturally infested P. serotina ssp. capuli from Tetla, Tlaxcala) caged along with Þve males for 24 h in two cages. Two clusters from Las Vigas and two clusters from Tetla were hung from each cage ceiling. Matings were observed in all cages along with instances of oviposition and fruit marking on fruit from both localities. After 24 h, clusters of fruit exposed to oviposition were transferred to a paper cup with water with the cut end of fruit-bearing twigs dipped in the water in an attempt to keep fruit from decaying too rapidly. Cups were then placed in individual cages according to locality and date of exposure to ßies to allow larval development. Fruit clusters were replaced daily from cages holding adults from 7 to 13 June by new clusters obtained from branches in buckets. Because fruit from Las Vigas failed to yield pupae after the Þrst seven exposures, extra bagged branches were recovered for a second (14 Ð15 June), third (26 JuneÐ1 July), fourth (7Ð16 July), and Þfth (29 July) series of exposures. Infestation levels (percentage of infested fruit) from Tetla and Las Vigas were compared by means of a MannÐ Whitney U test. Weights of individual pupae were compared between larvae from fruit collected at both sites and exposed in the laboratory by means of a t-test for independent samples. Weights of pupae for Þeld infested and laboratory exposed fruit from Tetla, Tlaxcala, also were compared by means of a t-test for independent samples.
From a Þeld collected fruit sample from Huamantla, Tlaxcala, 100 individual fruits were weighed and placed in individual containers to record weight and number of recovered pupae and determine, by means of a regression analysis, if a relationship between fruit weight and pupal weight existed.
Results
Distribution. R. cingulata adults were recovered from P. s. ssp. capuli within the dry central Altiplano (central EVTM) in Tlaxcala, Mé xico City, and parts of the state of Mé xico, Puebla, and Hidalgo from late May to mid-July (see Fig. 1 for map of collection sites and host plant and ßy distributions). Fruit of P. s. ssp. capuli collected in more mesic areas on the Western portion of the EVTM from the state of Mé xico to Jalisco and east from Veracruz and eastern Puebla and along the SMO from Hidalgo to Queretaro failed to yield any pupae. Collections of P. s. ssp. capuli on the Sierra Madre del Sur (SMS) in Oaxaca and the SACH near San Cristobal de las Casas also failed to yield any Table 2 .
Ripe fruit of P. serotina ssp. serotina was collected on the gulf facing moist face of the SMO in Hidalgo, the border of Queré taro and San Luis Potosṍ, and canyons in the state of Nuevo Leó n in July. Despite the fact that P. s. ssp. serotina trees, interspersed in Hidalgo with P. s. ssp. capuli, yielded large crops of cherries over a near continuous distribution from elevations Ն1,500 to 2,500 m on the mesic portion of the SMO, no pupae were recovered from collections of fruit from these areas. Collections of P. s. ssp. virens in late June from drier areas of San Luis Potosṍ, Tamaulipas, Nuevo Leó n, and Coahuila yielded no pupae (except for San Luis Potosṍ where two pupae were recovered, from which an adult R. cingulata emerged). This was due to the fruit being extremely hard and green. Later collections of ripe black fruit in September yielded large numbers of R. cingulata pupae in Coahulia and Nuevo Leó n. In San Luis Potosṍ and Tamaulipas, trees of P. serotina ssp. virens and P. rhamnoides Koehne were devoid of fruit by early September. Approximately 5 kg of soil sampled under the canopy of trees from Tamaulipas was sieved with a Þne mesh, and no pupae were recovered. We therefore have no current evidence for the presence of R. cingulata in Tamaulipas.
Precipitation and Distribution. Mean annual precipitation was signiÞcantly lower in areas were blackcherries yielded R. cingulata adults than in areas where fruit failed to yield adults (Z ϭ Ϫ3.71; P ϭ 0.001; N ϭ 28 [yes] ; N ϭ 23 [no]). Mean Ϯ SD annual precipitation for sites where R. cingulata adults were recovered was 709 ϩ 171.4 mm compared with 1,042.5 ϩ 373.9 mm for sites where adults failed to emerge. The only sites with yearly mean precipitation above 800 mm, yielding R. cingulata were Tlapan (Distrito Federal), Zacatlan, and Poxcuatzingo (Puebla). Such sites were all above 2,000 m and on the very edge of the dry central Altiplano.
Adult Emergence. Adults of Þeld-collected R. cingulata from Tlaxcala in the EVTM and overwintering as pupae in Xalapa at ambient temperatures emerged roughly over a 3-mo period (Fig. 2) . There was no difference in the mean time from pupation to eclosion of adults between male (375.56 Ϯ 26.06 d; n ϭ 187) and female (373.62 Ϯ 23.51 d; n ϭ 163) (t 348 ϭ 0.73; P ϭ 0.465) R. cingulata which emerged at a 1.14 male: female sex ratio (see Fig. 3 for adult mortality) .
Parasitism. Only the braconid parasitoid D. mellea emerged from our Mexican R. cingulata collections. Parasitism rate was variable across sites. Percent parasitism in Tlaxcala in 2005 reached only 0.84%. In comparison, the mean parasitism calculated for four sites in northeastern Mé xico in 2008 was 20.32% (Ϯ17.03 SD).
Behavior. Field observations revealed basic behavioral patterns for R. cingulata similar to those de- (Table 3 ; Prokopy and Papaj 1999) . Males spend most of the time (95%) guarding host fruit, and all copulations (seven) observed from the beginning were initiated on host fruit. Successful and unsuccessful copulation attempts were often initiated by a guarding male literally jumping on a female and struggling to copulate with her. Most female R. cingulata stung or oviposited and subsequently dragged their ovipositor over green fruit. Perhaps on account of the great abundance of fruit, only two male aggressive contests were observed; one contest was won by the resident and one contest by the intruder. Both male and female R. cingulata were observed feeding on ripe fruit. Males were seen feeding on juice oozing from larval exit holes on fruit still attached to the tree and from cracks on the skin of overly turgid fruit. Females were observed on several occasions attempting to oviposit into ripe, black-colored fruit. However, instead of dragging their ovipositors over the fruit, they made 180 Њ turns, extruded their proboscis, and fed on the surface of the fruit. Only one adult was observed grazing on leaf leachates. Larval Developmental Assays. All cut fruit clusters from Tetla, Tlaxcala, exposed to gravid mated R. cingulata in the laboratory yielded pupae, with 40 pupae recovered from 233 exposed fruit (Table 4) . Infestation levels were signiÞcantly higher for exposed fruit from Tetla (Z ϭ 2.52, P ϭ 0.011). A mean of 24.45 Ϯ 35.58% of cut fruit per trial from Tetla was infested in the laboratory over a period of seven consecutive days. In contrast, 32 pupae in total were recovered from 841 fruit, and a mean of 3.34 Ϯ 5.23% of fruit per trial for cherries from Las Vigas was infested (Table 4) . There was no signiÞcant difference (t 70 ϭ 0.36, P ϭ 0.71) in weight between pupae recovered from exposed fruit from Tetla (3.99 Ϯ 1.56 mg; n ϭ 40) and Las Vigas (3.82 Ϯ 1.62 mg; n ϭ 32).
There was no signiÞcant relationship between Þeld-collected fruit weight and pupal weight (P ϭ 0.97, R 2 ϭ 0.00036; n ϭ 22). Each infested fruit yielded only a single larva/pupa (both Þeld-collected and laboratory exposed fruit). The mean Ϯ SD pupal weight from Þeld-infested black cherries (5.86 Ϯ 1.59 mg; n ϭ 22) was signiÞcantly greater (t 62 ϭ 4.65, P Ͻ 0.001) than that of laboratory pupae (3.93 Ϯ 1.56 mg; n ϭ 42), perhaps because cherries in the laboratory dried or rotted quickly compared with cherries in the Þeld.
Discussion
Contrary to our prediction, R. cingulata was only found infesting black cherries in an area within the dry Central Altiplano from Tlaxcala to Distrito Federal and surrounding areas and along high-elevation canyons in North Eastern Mé xico. Fruit from more mesic areas in the EVTM, the SMO, the SMS, and the SACH failed to yield any pupae. In general, sites where R. cingulata was found were drier than those where it failed to infest black cherries. Adult R. cingulata concentrated their mating and oviposition activity on green fruit, with some larvae exiting fruit before abscission. Parasitism rates were found to be variable but Table gives the location of male and female ßies in host trees, host fruit color, and ßy activity patterns. Table 4 . Locality and date of bagged fruit collection, date of fruit laboratory exposure to females, number of fruit exposed, number of recovered pupae, and percentage of infested fruit consistently low with a single braconid species recovered from EVTM and SMO populations. Forced infestations of black cherries from a region where natural infestations occur and from a region where they do not suggest that intrinsic differences in fruit composition from these regions affect R. cingulata oviposition, development, or both in the fruit. It is possible that the window for successful oviposition and larval development in black cherry is shorter than that for host fruit of other Rhagoletis species. Flies were nevertheless capable of development in fruit from different locations in the EVTM and SMO although in very low numbers.
Distribution of hawthorns and black cherries in Mé xico is roughly overlapping. Crataegus spp. and P. serotina share a similar biogeographic history in the mountainous areas in Mé xico. Nevertheless, the distribution of Rhagoletis ßies exploiting these two groups of host plants exhibit less overlap than their host plants. Host plant surveys identiÞed three black cherry groups in three distinct ecological regions of Mé xico. P. s. ssp. capulí, a subspecies with fruit collected between late May and early August, grows abundantly in the dry central EVTM Altiplano, where it harbors a thriving population of R. cingulata. Although the distribution of P. s. ssp. capulí extends westward on the EVTM from the state of Mé xico to Jalisco, it seems to have been introduced to mesic areas of the SMO from Veracruz to Queré taro and can be found in the highlands of Chiapas. R. cingulata, as opposed to R. pomonella (Rull et al. 2006) , has apparently failed to successfully colonize and persist in these mesic areas. P. s. ssp. serotina grows naturally in mesic areas of the SMO from Hidalgo to Nuevo Leó n but was not found to be infested with R. cingulata. With the exception of Nuevo Leó n, where this subspecies was found growing near stream beds, P. s. ssp. serotina was found in sites where mean annual precipitation exceeds 1000 mm. Finally, P. serotina ssp. virens, with infested fruit collected in September, grows in more arid portions (Ͻ800 mm) of the SMO from San Luis Potosṍ to Coahuila and harbors a second population of R. cingulata.
In the United States, R. cingulata is distributed from Texas and Florida to southeastern Canada, infesting several wild and domesticated species of Prunus (Glasgow 1933) . In the eastern United States, adult ßies are univoltine and emerge from late May or early June through late July in cultivated cherry orchards and to late August on wild hosts (black cherry) (Teixeira et al. 2007) .
Overall, results of this study revealed the existence of three distinct North American populations of R. cingulata.
According to McVaugh (1951) P. s. ssp. capuli originated in the Altiplano region of the EVTM, around Mé xico City, where we found it infested with R. cingulata. This subspecies of cherry is currently found all across the EVTM from Veracruz to Jalisco and south from Oaxaca to Guatemala. However, we failed to recover infested fruit for this cherry outside of the Altiplano. P. s. ssp. serotina, ranges from southeastern Canada to Guatemala and along both the Sierra Madre Oriental and The Sierra Madre Occidental. Although P. s. ssp. virens ranges from southwestern United States to central Mé xico (Rzedowski 2005) . Neither of these two subspecies has been reported in Tlaxcala and Mé xico City. The current distribution of R. cingulata in central Mé xico may therefore reßect the ancestral distribution of the different subspecies of its host plant. SpeciÞcally, the distribution of R. cingulata in the Altiplano could correspond to the original range of P. s. ssp. capuli in Mé xico, with the cherry, but not the ßy, subsequently moved by human activity all across temperate Mé xico (McVaugh 1951) .
Why we failed to Þnd R. cingulata infesting P. s. ssp. serotina black cherries and/or P. s. ssp. capuli growing in different environments in Mé xico is a question that will require further investigation. Black cherries are known to contain cyanide precursors that become highly toxic when the plant is damaged . However, it is not known whether different subspecies differ in the content of cyanide precursors, or whether their concentration varies in different environments, as can be the case for other cyanogenic plants (e.g., Dirzo and Harper 1982) .
We failed to recover R. cingulata pupae from adults exposed to greenish fruit of P. s. ssp. capuli trees from areas (Las Vigas), where this species does not occur. Nevertheless, we did have limited success from collections of older fruit from Las Vigas (Table 4) . Messina et al. (1991) also failed to recover Þeld collected larvae of Rhagoletis indifferens Curran stinging green cherries. Fruit ripeness could therefore be a key determinant for adult oviposition, larval development, or both (for review, see Aluja and Mangan 2008) .
The pericarp of P. serotina accumulates cyanide precursors during fruit development that decline in concentration to become negligible by maturity . Intriguingly, both male and female R. cingulata often seemed to guard, mate, and sting green fruit in the Þeld. This is perhaps due to the rapid decay of overly ripe black cherry fruit. Oviposition into overly ripe fruit may therefore compromise larval development, a conclusion consistent with those of Smith (1984) for R. cingulata in Illinois. If R. cingulata is not able to develop in green fruit, and is also time constrained by overly ripe fruit, then the window for successful oviposition in black cherry may be narrow.
Both newly discovered Mexican populations of R. cingulata were attacked by populations of the parasitoid wasp D. mellea. It will be interesting to determine whether populations of these parasitoids have evolved diapause patterns matching the early and late phenology of their respective hosts, as has been documented for parasitoid species exploiting early and late emerging populations of R. pomonella in Mé xico (Rull et al. 2009 ).
In addition to the North American population, we have identiÞed two populations of R. cingulata in Mé xico exploiting two different subspecies of P. serotina with different fruiting phenologies. The three populations are geographically and perhaps also allochronically isolated. Future planned genetic analysis, reciprocal crossing experiments, and morphometric comparisons of Mexican and North American populations will reveal the degree of divergence and reproductive isolation among these three allopatrically separated ßy populations. These studies will help resolve the taxonomic status of these ßies and identify possible mechanisms of speciation, in addition to contributing to our general understanding of the phylogeography of the genus Rhagoletis.
